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Introduction
Interferon-gamma (IFN−γ) enhances cell-mediated immunity against both non-viral pathogens and viruses (1) . STAT1, the central mediator of IFN−γ-induced gene expression is phosphorylated at Y701 by the IFN-γ receptor-associated Janus kinases Jak1 and Jak2, an essential prerequisite for dimerization and nuclear translocation (2) . In addition, a serine/threonine kinase phosphorylates the STAT1 transactivating domain at S727 and increases transcriptional competence (3) (4) (5) .
Promoter sequences found in IFN response regions are the gamma-interferon activated site (6) , recognized by STAT1 dimers and the interferon-stimulated response element (ISRE) (7) . ISRE sequences bind STAT complexes and also interferon regulatory factors (8, 9) . In the context of the IFN−γ response the ISRE mediates transcriptional effects of IRF1 and of noncanonical STAT1 complexes, e.g.
STAT1 dimers associated with IRF9 (10-12).
STAT1 has been linked predominantly to positive gene regulation, but some genes are repressed by STAT1 (13) (14) (15) . Many genes stimulated by STAT1 in the context of an IFN−γ response require cooperative effects with other transcription factors, including IRF-1, USF-1, SP1 or C/EBPβ (16) . In most cases both STAT1 and the cooperating transcription factor bind to their cognate promoter sequences, although the cooperation with C/EBPβ is mediated by a sequence designated GATE, which binds C/EBPß, but not STAT1 (17) .
The gbp1 and gbp2 genes are IFN−γ-inducible members of the p65 GTP'ase gene family with putative roles in the resistance to intracellular pathogens (18) . gbp2 transcription in both humans and mice requires promoter binding sites for both STAT1 dimers and IRF transcription factors (6, 19) . GBP expression in response to IFN−γ is virtually absent in cells from irf1 knock-out mice (10, 11) , The promoter of the irf1 gene contains a binding site for STAT1 dimers. Therefore, IRF1 accumulates in cells treated with IFN−γ (20) .
Transcriptional activation of the GBP genes is accompanied by promoter acetylation (5) . Consistently, STAT1 interacts with the coactivator/histone acetyl transferase CBP that is required for STAT1-dependent transcription of chromatin templates in vitro (5, 21, 22) . Moreover, microarray analysis of HDAC1-deficient cells identified GBP genes as belonging within a group of genes requiring histone deacetylase 1 (HDAC1) for IFN−γ-induced expression (23) . STAT1 also directly binds a complex of MCM proteins that enhance GBP transcription most likely by providing helicase activity for strand separation in the initiation and elongation steps (24) . BRG1, an ATPase subunit of the SWI/SNF chromatin remodelling complex, binds the human gbp promoter as a prerequisite for the association of Stat1 (25, 26) .
Serving as a paradigm for the group of genes coregulated by STAT1 and IRF1, the 
Results
Organization of the murine gbp1/gbp2 promoters and regulation of their activity by STAT1 and IRF1. A cluster of five GBP genes maps to mouse chromosome 3 (www.ensembl.org). Previously, three groups described murine GBP promoters. The first report assigned the cloned promoter to the gbp1 gene (27) .
Two further groups subsequently cloned the same stretch of DNA and a further one differing by only a few base pairs, but with an identical IFN response region (19, 28) .
Both concurred in their interpretation that the cloned DNAs contained highly homologous promoters of the gbp1 and gbp2 genes. The ensembl database shows the gbp1 and gbp2 genes juxtaposed and in the same orientation, spaced by a short intergenic region of 1.466bp. The previously described promoters are all highly homologous to the intergenic region containing the gbp2 promoter, but none shows significant homology to the region upstream of gbp1, suggesting that all of them represent allelic variations of the gbp2 promoter (figure 2a). Quantitative real-time PCR (Q-PCR) analysis showed that the gbp1 and gbp2 genes are strictly coregulated, as would be expected from the use of common promoter elements ( figure   1a ). Both showed an identical requirement for the presence of STAT1 and IRF1, with the need for STAT1 being more stringent than that for IRF1. Inspection of the gbp1 upstream sequence revealed the presence of bona fide GAS and ISRE sequences at positions -253/-245 (TTCATAGAA) and -139/-127 (AATTTCACTTTCT), respectively. These gbp1 upstream sequences most likely constitute an IFN-γ response region, but functional analysis will be required to ascertain this assumption.
The interferon-response region of the gbp2 promoter is divided into an ISRE proximal to the cap site and more distal GAS and ISRE sequences (figure 2a). Our recent ChIP experiments showed that the proximal gbp2 promoter ISRE associates with a noncanonical, IFN−γ-activated STAT1 complex (5) . The distal GAS element is a canonical, although imperfect, binding site for STAT1 dimers (19) . These results are consistent with previous reports (32) showing transcriptional effects of IRF1 overexpression. They demonstrate that IRF1 alone is able to bind gbp2 chromatin and stimulate target gene transcription, but that expression is low compared to cytokine-treated cells. Therefore, the data also stress the important role of STAT1 dimer association with chromatin for gbp2 promoter activity. Similar conclusions could be drawn from experiments with a recently established line of murine fibroblasts expressing a fusion protein between IRF1 and the ligand binding domain of the human estrogen receptor (IRF1-hER) (33, 34) . In this cell line, IRF1 is constitutively expressed, but its transcription factor activity is strictly controlled by estrogen (supplementary figure1). IRF1-ER bound the gbp2 promoter in absence of exogenous stimuli and binding was increased after treatment with estrogen, IFN-γ, or both. Induction of gbp2 expression by estrogen alone was low compared to that by IFN−γ. Both the distal and proximal IFN−γ response regions of the gbp2 promoter contain a canonical IRF binding site. Our data as well as previous studies (11, 19) show that (26, 40) . Both employ the HAT activity of P300/CBP and the chromatin remodelling activity of the SWI/SNF subunit BRG1 (25, 26, 41) . On the other hand, HDAC1 has so far not been implicated in CIITA regulation and, conversely, the E box binding protein USF1, which is needed for CIITA stimulation (42), has not been linked to gbp2 mRNA expression. It will be interesting to see whether these differences really distinguish the two promoters or whether they reflect incomplete knowledge of their regulation. In the latter situation, the identical mechanisms of induction may represent a molecular paradigm for secondary response promoters stimulated by IFN-γ.
Materials and Methods
Antibodies. Antiserum to the STAT1 C-terminus used for western blotting and ChIP assays was described previously (43) RNA preparation, cDNA synthesis and quantitative RT-PCR. Total RNA was isolated from 1x10 6 macrophages or fibroblasts using the NucleoSpin RNA II kit (Machery and Nagel, Germany) as described (47) . Nuclear RNA was isolated from nuclear extracts, prepared as described previously (48) .
The cDNAs were reverse-transcribed from 5µg of total or nuclear RNA. Real-time PCR experiments were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene . Primers used for Real Time-PCR of the GAPDH, gbp2 and irf1 genes were used as described (31, 47) . Binding of STAT1 C-terminal antibody (1:100 dilution) or with 3µg of IRF1 antibody was performed over night at 4°C Protein A beads were added for 2 hrs and the immunocomplexes were washed 3x in low salt buffer. The beads were boiled in 50µl
Laemmli buffer and subjected to SDS gel electrophoresis.
Western blot. A protocol for this procedure has recently been described (31) . 
Figure Legends

